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Germline mosaicsphila dorsal–ventral axis depends upon the correct localization of gurken mRNA
and protein within the oocyte. gurken mRNA becomes localized to the presumptive dorsal anterior region of
the oocyte, but is synthesized in the adjoining nurse cells. Normal gurken localization requires the
heterogeneous nuclear ribonucleoprotein Squid, which binds to the gurken 3′ untranslated region. However,
whether Squid functions in the nurse cells or the oocyte is unknown. To address this question, we generated
genetic mosaics in which half of the nurse cells attached to a given oocyte are unable to produce Squid. In
these mosaics, gurken mRNA is localized normally but ectopically translated during the dorsal anterior
localization process, even though the oocyte contains abundant Squid produced by the wild type nurse cells.
These data indicate that translational repression of gurken mRNA requires Squid function in the nurse cells.
We propose that Squid interacts with gurken mRNA in the nurse cell nuclei and, together with other factors,
maintains gurken in a translationally silent state during its transport to the dorsal anterior region of the
oocyte. This translational repression is not required for gurken mRNA localization, indicating that the
information repressing translation is separable from that regulating localization.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe body axes of the Drosophila embryo are established during
oogenesis through the asymmetric localization of maternally con-
tributed cytoplasmic determinants within the developing oocyte
(Huynh and St Johnston, 2004). The restricted distribution of these
factors is achieved through asymmetric mRNA localization, often
coupled with localized translation. Understanding how these mole-
cular asymmetries are achieved is therefore critical for understanding
axis determination.
These determinants are contributed to the oocyte by ﬁfteen
supporting germline cells called nurse cells. The oocyte and nurse
cells, derived from a single progenitor cell through four rounds of
mitosis, comprise a cyst of sixteen cells. The mitoses display a
stereotypic pattern and are coupled with incomplete cytokinesis,
resulting in an invariant conﬁguration of cytoplasmic bridges, called
ring canals, between the cells of the cyst (Fig. S1). Each germline cyst is
then surrounded by an epithelium of somatic follicle cells, forming a
single egg chamber. One of the cells of the cyst develops as the oocyte,
while the other ﬁfteen cells develop as nurse cells, which become
highly polyploid and supply the oocyte with essential componentsf Medical Research, Terrence
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l rights reserved.required for oocyte growth and later for embryonic development
(Spradling, 1993). Therefore, any proposed mechanism for regulating
the determinants that function in the oocyte must take into account
the fact that such determinants originate in the nurse cells.
A single cytoplasmic determinant, a transforming growth factor
alpha homolog encoded by the gurken gene, establishes the polarity of
both the anterior–posterior (AP) and dorsal–ventral (DV) axes of the
oocyte (Cooperstock and Lipshitz, 2001; Nilson and Schüpbach, 1999;
Roth, 2003). In early oocytes, gurken mRNA is localized to the
posterior of the oocyte, where the production of Gurken protein
leads to localized activation of the Drosophila epidermal growth factor
receptor (EGFR) in the overlying somatic follicle cells (Gonzalez-Reyes
et al., 1995; Neuman-Silberberg and Schüpbach, 1993; Roth et al.,
1995). This germline-to-soma signal establishes the AP polarity of the
follicular epithelium, which is required for a reorganization of the
oocyte microtubule cytoskeleton during mid-oogenesis that leads to
the strict localization of gurken mRNA to the presumptive dorsal
anterior region of the oocyte (Fig. 1A) (Gonzalez-Reyes et al., 1995;
Theurkauf et al., 1992). The resulting asymmetric localization of
Gurken protein (Fig. 2A) deﬁnes the DV axis of the oocyte and induces
EGFR activation in the dorsal anterior follicle cells, establishing DV
polarity within the follicular epithelium which, in turn, ultimately
deﬁnes the embryonic DV axis (Neuman-Silberberg and Schüpbach,
1993; Schüpbach, 1987).
Consistent with this critical developmental function, both the
localization and translation of grk are subject to various levels of
regulation (Chang et al., 2008; Goodrich et al., 2004; Hawkins et al.,
Fig. 1. Squid functions non-autonomously in the asymmetric localization of gurkenmRNA. (A, B) gurken mRNA (green) is localized to the dorsal anterior of the oocyte in a wild type
stage 8 egg chamber (A, arrow), but throughout the anterior of a stage 8 squid germline clone, inwhich all germline cells are squidmutant (B, arrow, arrowhead). Nurse cell nuclei are
visualized by DAPI staining (white). (C, C′) Scenarios for gurken localization in mosaics. Green and red lines represent gurken mRNA fromwild type (green) and squid mutant (blue)
nuclei, respectively. (D) Diagram of the connections between cells in a mosaic cyst. One of the two cells with four ring canals will become the oocyte, which can be either wild type or
mutant. The wild type and mutant halves of the cyst are connected by a single ring canal (⁎). (E) Progressive dorsal anterior localization of gurkenmRNA in wild type egg chambers.
(F–F″) Two focal planes of an early stage 8 squid germline mosaic, stained to visualize DNA (F), Squid protein (F′) and gurkenmRNA (F″). squidmutant nuclei are numbered and exhibit
a condensed DNA phenotype (F, F′). There are 7 squidmutant nurse cells and 8wild type nurse cells, indicating that the oocyte is squidmutant (Cáceres and Nilson, 2005). (G–G″) Two
focal planes of late stage 8 mosaic, stained as in F–F″. Note that the apparently diminished gurken signal in the right hand panel is due to the focal plane and does not represent a
reduction in gurken mRNA levels. As in F, the oocyte is squid mutant.
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Tomancak et al., 1998; Van Buskirk and Schüpbach, 2002). One key
gurken regulator is the heterogeneous nuclear ribonucleoprotein
(hnRNP) Squid, which binds to the 3′ untranslated region of gurken
mRNA. Squid is not required for transport of gurken mRNA from the
nurse cells to the oocyte or the oocyte anterior, but it is required for
gurken localization to the presumptive dorsal anterior corner of the
oocyte during midoogenesis; in squidmutant ovaries, gurkenmRNA is
present throughout the anterior cortex of the oocyte, where it is
ectopically translated (Figs. 1B, 2B) (Kelley, 1993; Neuman-Silberberg
and Schüpbach, 1993, 1996; Norvell et al., 1999). Consistent with a
function in gurken mRNA localization, Squid is found in the oocyte in
particles containing both gurkenmRNA and the motor protein Dynein,
and this Squid-containing complex is required for anchoring gurken
mRNA at the oocyte dorsal anterior (Delanoue et al., 2007). In addition
to this role in localization, Squid has also been implicated in repression
of gurken translation (Clouse et al., 2008; Norvell et al., 1999).Squid contains M9 sequence motifs associated with nucleocyto-
plasmic shuttling and is found in the nuclei and cytoplasm of both the
nurse cells and oocyte (Matunis et al., 1994; Norvell et al., 1999; Siomi
and Dreyfuss, 1995). These features suggest a potential function for
Squid in either or both cell types, and either scenario would be
consistent with the known functions of Squid in gurken regulation.
However, it remains unclear whether Squid functions in the oocyte
itself, where gurken mRNA is localized, or whether it acts in the nurse
cells,where gurken transcripts are produced (Cáceres andNilson, 2005),
to program the fate of gurkenmRNAwithin the oocyte cytoplasm.
Using a genetic mosaic strategy to study this issue in vivo, we show
that gurken mRNA is translationally repressed during its localization
to the dorsal anterior region of the oocyte, and that this repression
depends on the function of Squid in the nurse cells. We propose that
Squid interacts with gurken mRNA in the nurse cells, likely in the
nurse cell nuclei, to regulate its translation in the oocyte cytoplasm. In
addition, we show that regulation of localization and translation are
Fig. 2. Squid is required in the nurse cells for translational repression of ventral gurken
mRNA. (A) Gurken protein (green) is localized to the oocyte dorsal anterior (arrow) in a
wild type stage 8 egg chamber. (B) Gurken protein is present throughout the anterior
(arrow, arrowhead) of a stage 8 squid germline clone. Nurse cell nuclei are visualized by
DAPI staining (white). (C–C″) Two focal planes of a squid germline mosaic at early stage
8. The squid mutant nuclei (numbered) are recognized by their lack of the nuclear GFP
clone marker (C′). There are 7 squid mutant nurse cells and 8 wild type nurse cells,
indicating that the oocyte is squid mutant (Cáceres and Nilson, 2005). Ectopic ventral
Gurken is readily detected (C″, arrowheads). (D–D″) A squid germline mosaic at stage 9;
as in C, the oocyte is squidmutant. Gurken protein is strictly dorsal anterior (D″, arrows).
The chromatin condensation phenotype is less pronounced here (C, D) because these
egg chambers are mosaic for the weaker squidix77 allele (see Materials and methods).
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required for the normal dorsal anterior localization of gurken mRNA.
Materials and methods
Generation of germline mosaic egg chambers
Germline mosaics were produced as described (Cáceres and
Nilson, 2005), using y w P{hsFLP}122; P{neoFRT}82B P{Ubi-GFP(S65T)
nls}3R (gift from S. Luschnig) and either squidix77 P{neoFRT}82B or
squidix50 P{neoFRT}82B (Kelley, 1993) (gift from T. Schüpbach). Germ-
line mosaics for both squid alleles were analyzed. The weaker squidix77
allele exhibits a less pronounced nurse cell chromatin phenotype than
squidix50, but similar defects in gurken regulation. Both allelesexhibited the same frequency of ectopic ventral Gurken protein in
germline mosaics, and Table 1 therefore includes combined data from
both alleles. To assess the functional contribution of each Squid
isoform, squid germline mosaics for both squid alleles were generated
in the presence of transgenes expressing either SquidA or SquidS
alone under the control of the endogenous squid promoter (Norvell et
al., 1999) (gift from T. Schüpbach).
Whole mount in situ hybridization and immunohistochemistry
Ovaries were dissected and immunostained as described (Cáceres
and Nilson, 2005). For RNA in situ hybridization, ovaries were
processed according to Lecuyer et al. (2008).
Analysis of germline mosaics
Individual non-mosaic egg chambers from either squid mosaic
females or non-mosaic siblings were used as heterozygous controls.
Images of egg chambers were coded and scored blind to assess the
distribution of gurken mRNA and protein.
Splicing assay
Since the strong squidIX77 allele is homozygous lethal, females with
squidIX77 germline clones were generated. Ovarioles consisting
entirely of germline clone egg chambers were hand selected for lack
of GFP ﬂuorescence, which marked the wild type chromosome, and
their mRNA was extracted according to standard procedure (Sam-
brook et al., 1989). Reverse transcription (RT) and polymerase chain
reaction (PCR) were performed with the One Step RT-PCR Kit (Qiagen,
Mississauga, ON, Canada). The presence of introns was assayed by
using gene speciﬁc primers that ﬂank individual exons or span all
three primer sequences (see Fig. S2).
Results
To ask whether Squid is required in the nurse cells to regulate
gurken mRNA in the oocyte, we generated genetically mosaic egg
chambers (Cáceres and Nilson, 2005) in which half of the germline
cells are homozygous for a mutant squid allele while the other half
are wild type. We refer to such egg chambers as “germline mosaics”
(Figs. 1C–D, S1). Due to the invariant pattern of mitoses that generate
each cyst, the only connection between the wild type and squid
mutant populations in these germline mosaics is the single ring canal
between the oocyte and its sibling nurse cell; gurken transcripts
produced by a squid mutant nurse cell therefore pass through only
other squidmutant nurse cells en route to the oocyte (Figs. 1D, S1). We
reasoned that if Squid functions in the nurse cells to determine the
fate of gurken mRNA in the oocyte, then gurken transcripts produced
by the squidmutant nuclei of such mosaics would bemislocalized and
ectopically translated (Fig. 1C), similar to those produced by homo-
zygous squidmutant egg chambers (Figs.1B, 2B), even though the other
nurse cells in the egg chamber are homozygous wild type and produce
Squid. Alternatively, if Squid can act in the oocyte, then we would
predict that Squid provided to the oocyte from thewild type nurse cells
would be able to regulate gurken produced by the squidmutant nurse
cells; in this case, gurken mRNA and protein would be localized
normally (Fig. 1C′) andwewould conclude that Squid does not need to
be produced in the same cells where gurken mRNA is synthesized in
order to regulate the fate of the mRNA in the oocyte.
In germline mosaic egg chambers, homozygous squid mutant
nurse cells are recognized by the lack of Squid immunoreactivity
(Figs. 1F′, G′) or a GFP marker (Figs. 2C′, D′). In addition, the nuclei of
the squid mutant nurse cells exhibit a characteristic defect in nurse
cell chromatin morphology, reﬂecting a failure of the initially
polytene nurse cell chromosomes to disperse during midoogenesis
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2002). This phenotype both assists in the identiﬁcation of squid
mutant nurse cells and, importantly, indicates that Squid protein
from the wild type nurse cells of the cyst is generally unable to enter
the squid mutant nurse cells and rescue this phenotype.
We ﬁrst examined gurken mRNA localization in these germline
mosaics. In wild type egg chambers, gurken mRNA is found at the
oocyte posterior until stage 7, when it becomes detectable along
the entire anterior cortex of the oocyte and enriched at the
presumptive dorsal side (Fig. 1E). During stage 8, gurken mRNA
accumulation along the ventral–anterior cortex decreases (Fig. 1E,
arrowheads), and by stage 9 gurken mRNA is strictly localized to
the dorsal–anterior region of the oocyte (Fig. 1E, arrows; Table 1).
Egg chambers from squid heterozygotes display an identical
proﬁle of gurken localization (Table 1) and provide an important
internal control, since squid germline mosaics are generated in
heterozygous females (see Fig. S1); heterozygous and germline
mosaic egg chambers thus contain the same total number of wild
type and squid mutant chromosomes, albeit distributed differently
among the germline nuclei, and are recovered and processed
together. In squid germline mosaics, both the level and distribu-
tion of gurken mRNA are indistinguishable from that of hetero-
zygous and wild type egg chambers (Figs. 1F″, G″, Table 1).
Therefore, even the gurken transcripts produced by the squid
mutant nurse cells exhibit a normal spatial and temporal pattern
of localization, indicating that the Squid protein produced by the
wild type nurse cells is capable of localizing these transcripts
within the oocyte, and therefore that Squid can function non-
autonomously in this process.
Interestingly, although gurken mRNA is localized normally, we
found an abnormal distribution of Gurken protein in squid germline
mosaics. In both wild type and squid heterozygotes, ventral–anterior
Gurken protein is never detected, despite the presence of ventral–
anterior gurkenmRNA at stage 8 (Table 1, see Fig. 1E). In contrast, squid
germline mosaics at this stage exhibit Gurken protein throughout the
anterior circumference of the oocyte (Figs. 2C–C″). This observation is
striking because it indicates that gurken transcripts are abnormally
regulated in squid germline mosaics, even though these mosaics have
the same chromosome complement as squid heterozygous egg
chambers. By stage 9, Gurken protein in these mosaics is restricted
to the dorsal–anterior of the oocyte, as is gurken mRNA at this stage
(Figs. 2D–D″). Roughly half of these germline mosaics have a squid
mutant oocyte (see Fig. S1), but the presence of ectopic ventral Gurken
protein was independent of the oocyte genotype (data not shown).
The frequency and distribution of ectopic ventral Gurken protein in
squid germline mosaics coincide with that of ventral gurken mRNA
(Table 1), indicating that the ectopic ventral Gurken protein is
derived from the transient ventral anterior gurken mRNA, and that
the subsequent loss of ventral Gurken protein reﬂects the normal
disappearance of ventral gurken mRNA as it becomes dorsally restric-
ted over time.Table 1
gurken mRNA and protein localization along the anterior margin of the oocyte
gurken
localization
Genotype Early stage 8 Mid stage 8 Late stage 8 Older stages
gurken mRNA Wild type 67% (n=9) 44% (n=9) 12% (n=17) 0% (n=10)
squid/+ 76% (n=21) 42% (n=12) 18% (n=11) 0% (n=34)
squid/squid⁎ 100% (n=5) 100% (n=4) 100% (n=1) 100% (n=8)
squidmosaics 94% (n=45) 53% (n=13) 20% (n=10) 0% (n=34)
Gurken
protein
squid/+ 0% (n=40) 0% (n=16) 0% (n=18) 0% (n=35)
squid/squid⁎ 100% (n=4) 100% (n=4) ND 100% (n=7)
squidmosaics 73% (n=52) 56% (n=32) 22% (n=18) 0% (n=37)
ND = not determined.
n = total number of egg chambers examined.
⁎ = squid germline clones.We draw two important conclusions from these data. First, the
presence of ventral anterior Gurken protein during stage 8 in squid
germline mosaics (Fig. 2C″) provides strong functional evidence that
normally, in wild type egg chambers, the transient ventral anterior
gurken mRNA in the oocyte is translationally repressed. Second, in
squid germline mosaics the gurken mRNA produced by the squid
mutant nurse cells is not subject to this translational repression,
indicating that Squid functions in the nurse cells to regulate the
translation of gurken mRNA in the oocyte cytoplasm.
We also asked whether this ectopic Gurken protein results in
ventral expansion of dorsal follicle cell fates. Because it is not
possible to identify which laid eggs were derived from mosaic egg
chambers, we were unable examine eggshell morphology directly.
However, we found that the follicular epithelia of squid germline
mosaics do not exhibit ectopic expression of lacZ reporter constructs
for the mirror and kekkon genes, two established markers for dorsal
follicle cell fate (Jordan et al., 2000; Zhao et al., 2000) (data not
shown). This observation is consistent with previous work showing
that transient mislocalized Gurken signalling during early DV
patterning stages does not induce ectopic dorsal follicle cell fate
(Guichet et al., 2001).
The squid gene encodes three Squid isoforms (Kelley, 1993), two of
which, SquidA and SquidS, function in the germline (Norvell et al.,
1999). SquidA is predominantly cytoplasmic and SquidS is predomi-
nantly nuclear, but each is present in both the nucleus and cytoplasm
(Figs. 3A–C) (Norvell et al., 1999). We assayed the ability of these
isoforms to repress translation of transient ventral gurken mRNA at
stage 8 in squid germline mosaics. Ectopic ventral Gurken protein was
not detected in any stage 8 mosaics expressing the SquidA isoform
(n=12), indicating that SquidA was able to completely rescue gurken
translational repression. In contrast, ectopic ventral Gurken was still
present in 32% of stage 8 mosaics expressing SquidS (n=22),
suggesting that this isoform has little rescuing activity (compare to
squidmosaics in Table 1), even though functional and immunostaining
data indicate that the SquidS transgene is expressed at similar or
higher levels than the SquidA transgene (Norvell et al., 1999). We
conclude that SquidA plays an important role in the repression of
gurken translation during the normal transient ventral phase of gur-
ken localization.
This mosaic analysis also provides information about the move-
ment of proteins within the cyst. Squid cannot move freely among
the germline cells, since in squid germline mosaics we observe
ectopic ventral Gurken protein as well as a subset of nurse cell nuclei
with the chromatin organization defect. However, in these mosaics
we do detect low levels of Squid protein in the cytoplasm and
nucleus of squid mutant nurse cells adjacent to the oocyte (Fig. 3D′,
arrowhead). Indeed, in these mosaics, the nuclei of the squid mutant
nurse cells closest to the oocyte exhibit a partial rescue of the squid
chromosome condensation phenotype (Fig. 3D). These low levels of
Squid must be provided by the sibling wild type nurse cells, via the
oocyte, since no Squid is detected in squid germline clones, in which
all germline cells are squid mutant (Fig. 3B) and since the only
connection between the wild type and squid mutant cells of the cyst
is the oocyte (see Fig. 1D). These data indicate that Squid can move
from the cytoplasm into the nucleus, consistent with the presence of
M9 shuttling motifs (Norvell et al., 1999; Siomi and Dreyfuss, 1995),
and provide the ﬁrst example of retrograde movement of a protein
through the ring canals.
The vertebrate homologue of Squid, hnRNP A1, modulates alter-
native splice site selection (Mayeda andKrainer,1992), and splicing has
been previously associated with regulation of the cytoplasmic fate of
mRNAs (Hachet and Ephrussi, 2004; Le Hir et al., 2001; Matsumoto
et al., 1998; Nott et al., 2004). We therefore asked whether Squid
might inﬂuence gurken translation by regulating gurken splicing, by
testing for proper gurken mRNA splicing in the absence of Squid. We
found no splicing defects in gurkenmRNA isolated from squid mutant
Fig. 3. Squid is present in the oocyte and can move into the squidmutant nurse cells. (A) In wild type, Squid protein is present in the nuclei and cytoplasm of nurse cells and oocyte
(arrow). (B) A squidmutant germline clone stained with anti-Squid antibody shows no detectable immunoreactivity. (C) A squidmutant germline clone, recognized by the loss of GFP
(left), expressing a transgene encoding the SquidA isoform and stained with anti-Squid antibody (right). SquidA is present in the nuclei (at low levels, small arrow) and cytoplasm (at
higher levels) of the nurse cells and oocyte (large arrow). (D, D′) Three focal planes of the nurse cell cluster of a squid germline mosaic egg chamber. The squid mutant nuclei
(numbered) exhibit the condensed chromosome phenotype (D) and loss of Squid immunoreactivity (D′). Squid is detectable at a low level in the nucleus and cytoplasm of the squid
mutant nurse cell closest to the oocyte (1), but is reduced or absent in more distant squid mutant nurse cells.
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translation does not reﬂect a role in gurken splicing.
Discussion
Our analysis of squid germline mosaics demonstrates that Squid
functions in the nurse cells to repress the translation of gurkenmRNA
during its localization to the dorsal anterior corner of the oocyte.
These germline mosaics exhibit normal localization of gurken mRNA
but produce ectopic ventral Gurken protein that corresponds both
spatially and temporally to the normal transient ventral anterior
population of gurken mRNA. Moreover, this ectopic ventral Gurken
protein is observed regardless of the oocyte genotype and despite the
presence of Squid supplied to the oocyte by sibling wild type nurse
cells. Collectively these data indicate that appropriate translational
repression of gurken mRNA depends on Squid function in the nurse
cells.Our data also indicate that expression of the SquidA isoform is
sufﬁcient for this repression of gurken translation. This observation is
consistent with the previous notion that SquidA functions preferen-
tially in translational repression (Norvell et al., 1999). However, that
work focused on the mislocalized gurken mRNA that persists
throughout the late stages in squid mutant egg chambers (see Fig. 1B).
Because gurkenmRNA localization is normal in squid germline mosaics,
our data further demonstrate that SquidA functions in repression of
gurken mRNA translation, not only when the RNA is ectopically
mislocalized as previously shown, but also during the normal dorsal
anterior localization process.
Although squid germline mosaics display ectopic Gurken protein in
the oocyte, we did not detect any ectopic Gurken protein in the nurse
cells. Indeed, even mutants that display persistent mislocalized
Gurken in the oocyte do not exhibit detectable Gurken in the nurse
cells (Neuman-Silberberg and Schüpbach, 1996). Although this
observation could suggest that gurken is not competent for translation
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Gurken in the nurse cells are low and can only be detected upon
accumulation at the oocyte anterior. We cannot distinguish between
these possibilities.
In contrast to the distribution of Gurken protein, the spatial and
temporal proﬁle of gurken mRNA localization is normal in squid
germline mosaics, even though roughly half of the gurken transcripts
are derived from squid mutant nuclei. This observation indicates that
the localization of these transcripts can be rescued by Squid produced
by the wild type nurse cells of these mosaics. Although we cannot
rule out the possibility that this nonautonomous rescue could be
achieved by small amounts of Squid protein, produced by sibling wild
type nurse cells, entering the squidmutant nurse cells and interacting
with the gurken mRNA produced there, a more likely explanation is
that localization of gurken mRNA from squid mutant nurse cells is
rescued when it arrives in the oocyte and encounters Squid provided
by the wild type nurse cells. This interpretation is consistent with the
previous demonstration that in vitro synthesized gurken transcripts
can be properly localized when injected into the oocyte (Clark et al.,
2007; MacDougall et al., 2003), and the recent observation that
inhibition of Squid function in the oocyte leads to gurkenmislocaliza-
tion (Delanoue et al., 2007). In either case, these data reveal a
fundamental difference in the requirement for Squid in gurken
localization and translational repression. For example, given the
presence of Squid in the oocyte of both wild type and squid mosaic
egg chambers (see Figs. 3A, 1F′), these data suggest that Squid activity
in the oocyte is sufﬁcient for the regulation of gurken mRNA
localization but not repression of gurken translation.
Together our data suggest a model in which SquidA interacts
with gurken mRNA in the nurse cells, likely through binding to the
gurken 3′ UTR (Norvell et al., 1999). In principle, this interaction
could occur in the nurse cell nuclei or cytoplasm. However, the
presence of Squid in the oocyte cytoplasm is not sufﬁcient to repress
the translation of gurken mRNA from squid mutant nurse cells,Fig. 4.Model: Squid is required in the nurse cell nuclei to repress translation of transient ven
the nurse cell nuclei and represses translation of transient ventral gurken during stages 7/8
corner by stage 9. (C) In squid germline mosaics, gurken transcripts from squid mutant nurse
ventral Gurken protein (not shown, see Fig. 2C″) during stages 7/8. (D) No ectopic ventral Gur
stage the ventral anterior gurken mRNA has disappeared and gurken is strictly dorsally locasuggesting that a functional interaction might also be unable to
occur in the nurse cell cytoplasm. We therefore favor the simple
scenario that Squid functions in the nuclei of the nurse cells to
program gurken mRNA for translational repression in the oocyte
cytoplasm. In either case, this interaction represses ventral anterior
translation of gurken mRNA during stages 7/8 (Fig. 4A). As oogenesis
proceeds, these ventral anterior gurken transcripts disappear, either
through transport or degradation, resulting in the presence of only
dorsal–anterior gurken mRNA by stage 9 (Fig. 4B). In squid germline
mosaics, gurken mRNA produced by squid mutant nurse cells is not
translationally repressed, resulting in ectopic ventral Gurken protein
during stages 7/8 (Fig. 4C). In older mosaics, this ectopic Gurken is
no longer detected, consistent with the absence of ventral anterior
gurken mRNA in later stages (Fig. 4D). Although it seems likely
that the disappearance of ectopic ventral Gurken protein is caused
by its degradation we cannot rule out the possibility that it becomes
relocalized to the dorsal anterior region. We propose that Squid,
likely the SquidA isoform, is an important component and/or
regulator of a gurken mRNP that assembles in the nurse cell nuclei
and maintains gurken mRNA in a translationally silent state in the
ventral anterior region of the oocyte. This complex likely includes
the hnRNP Hrb27C/Hrp48 and the Cup protein, which is involved in
mediating translational repression of Drosophila oskar and nanos
mRNAs and has been shown recently to interact with Squid and
regulate gurken translation (Clouse et al., 2008; Goodrich et al.,
2004; Wilhelm and Smibert, 2005). Any proposed translational
repression mechanism must also be spatially regulated, to allow for
gurken translation when dorsal anterior localization is achieved.
This model is consistent with the emerging theme that the factors
encountered by an mRNA during its synthesis and processing in the
nucleus impart to it a nuclear history that determines its future
behavior in the cytoplasm (Farina and Singer, 2002; Giorgi andMoore,
2007; Hachet and Ephrussi, 2004). The clearest example of the
inﬂuence of nuclear history is the deposition of exon junctiontral gurkenmRNA. (A) In wild type egg chambers, Squid interacts with gurkenmRNA in
. (B) In wild type egg chambers, gurken mRNA is strictly localized to the dorsal anterior
cells remain translationally competent when localized ventrally, giving rise to ectopic
ken protein is detected in stage 9 squidmosaics (not shown, see Fig. 2D″), because by this
lized.
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exported with themRNA to the cytoplasm, where they can regulate its
localization, translational efﬁciency, or stability (Farina and Singer,
2002; Giorgi andMoore, 2007; Kataoka et al., 2000; Le Hir et al., 2000,
2001; Matsumoto et al., 1998; Nott et al., 2004). For example, splicing
of oskar mRNA is required for its localization to the posterior pole of
the Drosophila oocyte (Hachet and Ephrussi, 2004). We propose that
the interaction of Squid with gurken transcripts functions in an
analogous manner to regulate the cytoplasmic behavior of gurken
mRNA.
Because the gurken 5′ UTR contains RNA localization elements,
it has been proposed that the factors directing gurken localization
might also repress its translation (Wilhelm and Smibert, 2005).
Indeed, it has recently been proposed that translational silencing
might be generally required for mRNA localization (Giorgi and
Moore, 2007). Our data show that gurken mRNA in squid mosaics
becomes normally localized but is ectopically translated, indicating
that gurken localization and translational repression can be
uncoupled. Separation of these aspects of gurken regulation has
been demonstrated previously in the characterization of mutations,
such as those in encore and spindle-F, that result in persistent
ventral anterior gurken mRNA but no ectopic Gurken protein (Abdu
et al., 2006; Hawkins et al., 1997); these situations demonstrated
that abnormally localized gurken mRNA need not be translated. The
analysis of squid mosaics adds to this picture by demonstrating
that normally localized gurken mRNA can be translationally
derepressed and that this derepression does not interfere with
dorsal anterior localization, indicating that translational repression
is not required for gurken localization.
This question has been difﬁcult to address for many localized
mRNAs, because localization and translational repression are often
mediated by the same cis elements and trans-acting factors. For
example, the protein ZBP1 interacts with a speciﬁc element in the 3′
untranslated region of β-actin mRNA to both localize β-actin mRNA to
the leading edge of ﬁbroblasts and to repress its translation
(Huttelmaier et al., 2005; Oleynikov and Singer, 2003). Similarly, in
oligodendrocytes and neurons, hnRNP A2 both mediates trafﬁcking of
mRNAs bearing a speciﬁc cis element and, through recruitment of
hnRNP E1, represses their translation during transport (Kosturko et al.,
2006; Kwon et al., 1999). Therefore, it is difﬁcult to distinguish
whether translational repression is a consequence of the mechanism
(s) directing localization. Indeed, in yeast, translational repression of
Ash1 mRNA is mediated by localization elements that lie within the
Ash1 coding region (Chartrand et al., 2002). Our data show that
localization and translational repression of gurkenmRNA aremediated
by genetically separable mechanisms and that normal localization of
gurkenmRNAdoes not require translational repression, thus providing
in vivo evidence that the signals that mediate the localization of an
mRNA need not regulate its translational competence.
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